Abstract. Since elevated levels of circulating complexes have been noted to occur in the sera of patients with post-streptococcal sequelae, the possibility that these complexes contained streptococcal antigens within the complex was investigated. Sera from these patients were precipitated with polyethylene glycol to extract a fraction rich in these complexes, which was then injected into rabbits. The rabbit sera were then reacted with both cellular and extracellular fractions obtained from streptococcal strains associated with either acute post-streptococcal nephritis (APSGN) or acute rheumatic fever (ARF) by using immunoelectrophoresis and ELISA techniques. The data demonstrate that both ARF and APSGN complexes contain streptococcal antigens. However, APSGN complexes react uniquely to certain extracellular antigens present in those strains associated with nephritis, while ARF complexes react specifically to certain streptococcal extracellular antigens excreted by strains associated with rheumatic fever. Neither of the two groups of complexes appear to contain streptococcal antigens related to any cellular antigens derived from the group A streptococcus. Additionally, a rabbit serum immunized with streptococcal extracellular products reacted directly with complexes Dr.
Introduction
On the basis of the clinical course coupled with evidence of the depositions of immunoglobulins and complement components in the glomeruli, acute post-streptococcal glomerulonephritis (APSGN)' has been characterized as an immune complex disease (1) (2) (3) (4) (5) (6) (7) . Furthermore, decreased values of serum complement have been recorded on numerous occasions (8) , and more recently, circulating complexes have been clearly documented in the sera of these patients during acute and convalescent phases of the disease (9).
The main controversy has focused on the presence or absence of streptococcal antigens in the renal biopsies of these patients. Early work by Seegal and co-workers (6) demonstrated the presence of streptococcal products in renal biopsies that appeared to be related to the cell wall complex. Reports by other investigators failed to confirm the presence of these streptococcal antigens (2, 5) . Later work implicated a streptococcal cytoplasmic component as the relevant antigen in the biopsy tissue (10) (11) (12) . More recently, Villarreal et al. noted (13) that the majority of group A streptococcal strains directly isolated from patients with APSGN excreted a protein of 46,000 D; the Nephritic Strain Associated Protein (NSAP). Antibody prepared against this extracellular protein was present in 14/21 biopsies of patients with APSGN. Furthermore, the protein was antigenically identical in all strains isolated from nephritic patients.
The observations by Villarreal et al. coupled with previous reports of elevated circulating complexes in patients with both acute glomerulonephritis and acute rheumatic fever (ARF) prompted us to examine the question of whether or not streptococcal antigens, particularly extracellular products, were also present in the circulating complexes of these patients.
Methods
Patients. Sera obtained from 10 patients with well-documented APSGN from Trinidad were chosen for the study. The common site of the preceding streptococcal infection was the skin. All patients had skin lesions culture positive for group A beta hemolytic streptococci. Clinical signs included edema, hypertension, oliguria, proteinuria, and hematuria. Laboratory data included third component of complement levels < 70 mg/100 ml and all patients had elevated anti-streptolysin titers and elevated blood urea nitrogen levels. The average level of circulating immune complexes by complement component lq solidphase assay was 44 ug/ml aggregated IgG equivalents (normal range < 4 Mg/ml) (9). Because of ethical considerations, biopsies were not performed in these patients but the cases were similar in all respects to those cases studied and biopsied by Villarreal et al. (13) .
The sera for the ARF study were drawn from four patients who met the American Heart Association-modified Jones' Criteria for the diagnosis of ARF (14) . Laboratory tests demonstrated positive Creactive protein, elevated anti-streptolysin titers, and erythrocyte sedimentation rates. The average immune complex level was 42.3 yg/ml aggregated IgG equivalents (9). A third group consisted of two subjects who had no evidence of streptococcal infection or post-streptococcal sequelae, and three patients with culture-positive impetigo, but with no laboratory or clinical evidence of renal complications or elevated levels of circulating immune complexes.
Preparation of immune complexes. Serum fractions were prepared in the following manner First, a pooled serum fraction was collected by mixing aliquots of sera obtained from five patients with documented APSGN. Additionally, serum fractions obtained from early serial bleedings of five individual APSGN patients and four individual acute rheumatic fever patients were prepared and treated in the same manner as the pooled serum fractions. As a final control an "immune complex" preparation obtained by mixing the sera of two impetigo patients and two normal control sera was also included in the study. Table I ).
The rabbits were bled 3 wk after the final injection and tested for serological activity as described below. The gamma globulin fraction was isolated from the serum of each rabbit by precipitation with a 25% saturation of ammonium sulfate according to the method of Harboe and Ingild (16) . After repeated dialyses as described, the materials were finally dialyzed against 0.1 M NaCI with 0.02% sodium azide and stored at -70'C until use.
Crossed immunoelectrophoresis (CIE) . Rabbit globulin fractions were tested for their response to human serum components and to streptococcal antigens by CIE after one-dimensional rocket electrophoresis ascertained the optimal ratio of antigens to antibodies. CIE was conducted as described (17) . To achieve constant experimental conditions, all antisera was electrophoresed in parallel against antigens from the same preparation of each culture. Tandem CIE was performed by placing two antigens in separate wells 8-mm apart in the first dimension as described in the method of Weeke (18) . Streptococcal strains. A streptococcal strain is referred to as "nephritogenic" if it has been isolated directly from an APSGN patient at the onset of disease. These strains were chosen from those previously investigated by Villarreal et al. (13 27 ,000 g for 50 min. The pellet was resuspended in 0.01 M ammonium bicarbonate, placed in dialysis tubing (Spectrapor 2, Spectrum Medical Industries, Inc., Los Angeles, CA) and dialyzed extensively against 0.01 M ammonium bicarbonate with 0.02% sodium azide over a period of 48 h at 4°C. The material was centrifuged at 12,100 g for 15 min to remove insoluble material. The solution was then lyophilized and stored at -70°C until use. A concentration of 10 mg/ml dry weight was used in the CIE experiments.
Streptococcal cell walls were prepared as previously described (20, 21) , with the slight modification that the cell walls were not trypsinized after treatment with RNase and DNase. This preparation was then solubilized by group C phage-associated lysin (22) , centrifuged at 9,600 g for 15 min, and the supernatant was obtained for experimentation. A protein concentration of 10 mg/ml was used for CIE experiments.
Cytoplasmic components were isolated from the supernatant of the cell wall preparation as follows: The cytoplasmic fraction was centrifuged at 30,000 g for I h to remove any residual membrane contamination and dialyzed against 0.01 M Tris buffer, pH 8.6 (Sigma Chemical Co., St. Louis, MO). Cell membranes were solubilized as previously described (23) and used at a concentration of 3.5 mg/ml in CIE.
Absorption experiments. To remove all free or complexed gamma globulin from the immune complex preparation, an antiserum to human Fc fragments (graciously provided by Dr. N. Chiorazzi, The Rockefeller University) was used in the following manner. The antiserum was coupled to CNBr-activated Sepharose 4B beads (Pharmacia Fine Chemicals, Uppsala, Sweden) (24) and I ml of Sepharose-coupled antibody to Fc fragments was mixed with 0.5 ml of the polyethylene glycol precipitate of pooled nephritic sera (4 mg/ml). After incubation for 2 h at 370C and overnight at 40C, the suspension was centrifuged and the supernatant was tested for residual gamma globulin in rocket immunoelectrophoresis against anti-human immunoglobulin antibody (Dako Immunoglobulins). The absorption was repeated until gamma globulin could no longer be detected in the supernatant by rocket immunoelectrophoresis.
Production ofantiserum to streptococcal ECP. Antiserum to streptococcal ECP was prepared by serially injecting a rabbit with type 57 crude ECP (500 iug protein/injection) and equal volumes of Freund's incomplete adjuvant weekly for a total of five injections. Reactivity of this serum to streptococcal extracellular products was verified by immunodiffusion.
Enzyme-linked immunosorbent assay (ELISA). The ELISA assay for antibody binding to streptococcal antigens was carried out according to the method of Engrall and Perlmann (25) with the following modifications: Microtiter Plates (Falcon Labware, Oxnard, CA) were coated with the streptococcal antigen preparation to be used diluted appropriately in 0.1 M Tris buffer (pH 9.8) and left overnight at room temperature. After serial washes in a buffer containing 0.01 M Tris 0.05% BRUJ detergent (Pierce Chemical Co., Rockford, IL) and 0.15 M NaCl, the appropriate antibody was diluted in the buffer and placed in the microtiter wells for 2 h at 370C. After a series of washes, goat or anti-human anti-rabbit IgG coupled to alkaline phosphatase (Sigma Chemical Co.) was added to the wells and incubated for another hour at 37°C and then washed again. The substrate, p-nitrophenyl phosphate disodium (Sigma Chemical Co.), was added at a concentration of 1 mg/ml in I M Tris buffer and the reaction allowed to proceed for I h at room temperature. The yellow color reaction was then read at 405 nm on a Titer Tek Multi-scanner (Flow Laboratories, Inc., Mclean, VA). The results were expressed as the experimental reading after substraction of antibody and antigen control values.
Protein determination. The protein quantitations of the immune complex preparations and streptococcal antigens used in these experiments were determined by the method of Lowry et al. (26) or the Coomassie Blue protein quantitation (27) .
Immunoblotting techniques. The electrophoresis, immunoblotting, and staining with alkaline phosphatase-conjugated species-specific antibodies was carried out according to the method of Blake et al. (28) .
Results
Detection ofstreptococcal antigens in immune complexes from post-streptococcal sequelae. To determine whether rabbit sera prepared against any of the immune complex preparations from APSGN patients would react with streptococcal ECP, the ECP of three nephritogenic strains (types 12, 49, and 57, respectively) were tested in CIE with different rabbit sera. Fig.  1 is representative of these CIE experiments and demonstrates that serum from a rabbit immunized with pooled APSGN complexes (R643-group II) elicited a positive response of one or more peaks when reacted against the ECP obtained from three different nephritogenic streptococcal strains. Closer examination of Fig. 1 , A-C also suggests that there was at least one antigen peak (arrows) that was common to the ECP of all three strains tested. Positive results were obtained with six other rabbit sera (7/8) irrespective of whether or not they are immunized with either individual or pooled APSGN complexes (rabbits from groups I and II, Table I ). Only one rabbit failed to produce a response against the ECP of the various streptococcal strains.
As elevated titers of immune complexes were also manifest in the sera of patients with rheumatic fever (9), complexes obtained from ARF patients were studied in a similar manner to determine if streptococcal antigens were also present in these complexes. Rabbit antisera raised to complexes isolated from individual rheumatic fever patients were tested in CIE. The response to the ECP obtained from a type 5 strain, isolated from a case of ARF, was investigated. The multiple peaks observed, depicted in Fig. 1 D, suggest the presence of streptococcal extracellular antigens within the circulating complexes of ARF sera. A comparison with the arcs precipitated against the ECP of nephritogenic strains indicated that the pattern of the reactions of the rabbit sera raised against ARF complexes were different. The ECP from three other streptococcal strains, unrelated to either nephritis or rheumatic fever, did not produce any precipitation arcs.
To further ascertain whether APSGN immune complexes contained a streptococcal antigen common to the ECP of different streptococcal strains, rabbit serum (640-group I) immunized with complexes obtained from a single APSGN patient was run in tandem CIE with the ECP obtained from type 12 and type 57 streptococci. As seen in Fig. 2 , a line of identity was observed between the two preparations, which indicates that both type 12 and type 57 ECP contained a common antigen recognized by a rabbit serum that had been immunized with complexes isolated from a single acute nephritic patient. Pretreatment of the ECP of all three strains with trypsin abolished the CIE reaction seen in Fig. 1 , which indicated the immunodeterminants of the ECP in the CIE reaction were protein in nature.
The specificity of these reactions was confirmed by the fact that all the preimmune rabbit sera (14) tested produced no response in CIE. In addition, both rabbit sera (group IV) immunized with a pool of normal and impetigo "complexes" preparation also failed to elicit a response to the ECP of any of the streptococcal strains. Extracellular products from three nonnephritogenic strains were also tested in CIE. In contrast to the nephritogenic ECP, these strains, isolated from either skin or pharynx but not associated with nephritis, failed to produce any reaction with the antiserum to APSGN complexes.
Absence ofstreptococcal cellfractions in APSGN complexes. In view of the observations by Tresor were solubilized by phage-associated lysin and tested in CIE against rabbit sera immunized with either nephritic or rheumatic immune complexes. Fig. 3 is illustrative of this type of reaction. It can be seen that both a rabbit serum (R-678- group II) prepared against pooled nephritic complexes (Fig. 3  A) and rabbit serum (R-676-group III) raised against rheumatic fever complexes (Fig. 3 B) tested. This response was elicited with all rabbit sera tested, including preimmune sera, which suggests the presence of streptococcal cell wall components capable of nonspecific antibody-binding activity as reported previously by Schalen et al. (29) and Holm et al. (30) . Furthermore, streptococcal cell membranes and cytoplasmic components obtained from a number of strains representing several streptococcal types gave no reaction with any rabbit serum produced against APSGN immune complexes.
As the human serum components in the complexes also produced a humoral response in the rabbit sera, it was critical to investigate the possibility of cross-reactivity between the human serum components and streptococcal antigens, as previously described by Bisno et al. (31) . When rocket immunoelectrophoresis was conducted with antiserum to whole human serum components (Dako Immunoglobins) against streptococcal extracellular products, no precipitation peak appeared.
An ELISA comparison ofanti-immune complex rabbit sera with ECP ofAPSGN-and ARF-associated streptococcal strains. As further proof that rabbit sera prepared against ARF and APSGN complexes differed in their reactivity to the ECP of nephritogenic-or ARF-associated strains, the immunoreactivity of rabbit sera raised against various complexes was compared in an ELISA system. Three sera from each disease category were selected for the test. As can be seen in Table II , A, rabbit sera raised to nephritic complexes exhibited significantly higher titers when reacted with the ECP of a nephritogenic streptococcal strain as compared with the sera of rabbits immunized with ARF complexes. Table II , B demonstrates that the converse was true. Antisera to ARF complexes had higher titers when tested with the ECP obtained from a rheumatic fever-associated streptococcal strain. The fact that both groups of rabbit sera exhibited some reaction with the ECP of either a nephritis-or a rheumatic fever-associated strain suggests that these complexes contained more than one streptococcal antigen, some of which were common to the ECP of both strains.
However, the activity was always highest when the appropriate antisera was reacted against the extracellular products of those strains associated with each disease. A rabbit sera raised against impetigo complex (data not shown) exhibited minimal reaction when tested with either A314 or the A694 extracellular products.
Immunoblotting experiments. While the ELISAs showed differences in reactivity depending on the rabbit serum and the particular streptococcal ECP used, the use of immunoblotting techniques demonstrated that depending on the particular t Antibody control, 0.10; antigen control, 0.007. § Antibody control, 0.068; antigen control, 0.002. t*-rabbit antisera used, streptococcal extracellular antigens of differing molecular weights were recognized by these antisera. As seen in Fig. 4 , lanes A and B represent the immunoblots obtained with the sera of two rabbits immunized with AGN complexes that reacted against the ECP of strain A374. The immunoprecipitation patterns obtained with these two sera differ markedly from the antigen antibody reactions seen in two rabbit sera raised against ARF complexes that reacted with the ECP of strain A964. Particularly evident is the high molecular antigen-antibody reactions seen in lanes C and D when compared with lanes A and B.
Demonstration of the intrinsic association of streptococcal antigens within the immune complex. To verify that streptococcal antigens were indeed an intrinsic part of the complex, and not just present in free form in the sera of these patients, the following absorption experiment was performed. Rabbit antibody to human Fc fragments was coupled to Sepharose beads and used to absorb 500 ul of pooled nephritic immune complexes (4 mg/ml). After two serial absorptions with 1 ml of the Sepharose-coupled antibodies, the supernatant was then tested for residual reactivity with an anti-human immunoglobulin serum and with a rabbit serum raised against nephritogenic extracellular products. As seen in Fig. 5 the question of whether or not the antigen was actually an integral part of the complex was not answered. In contrast our results clearly demonstrate that these streptococcal antigens were an integral part of the complex since reactivity to the streptococcal ECP disappeared after absorption of the immune complex with Sepharose-bound anti-human Fc preparations. The possibility that these reactions were a result of crossreactions between streptococcal antigens and human serum components as suggested by Bisno et al.'s studies (31) was negated by the finding that antiserum raised against whole human serum components did not react with the ECP of nephritogenic streptococcal strains.
Viewed in the general context of previous studies of the identification of streptococcal antigens either in biopsy material, or eluted products thereof in APSGN patients, our studies of streptococcal antigens in the circulating complex are most similar to those described by Villarreal et al. (13) . The antigen(s) within the APSGN complex appears to be present in the extracellular products of all strains associated with nephritis that we tested. Furthermore, the antigen was not detected in streptococcal cytoplasm or membrane preparations prepared from a number of strains tested, suggesting it is not the endostreptosin described by Lange and his colleagues (11) .
The fact that Rodriguez-Iturbe et al. (38, 39) could not find streptococcal antigens from eluted biopsy material taken from nephritic patients is perhaps best explained by the increased sensitivity of the CIE method. Perhaps the most difficult observations to reconcile with our data have been the previous reports by Seegal et al. (6) that the streptococcal antigen found in their biopsy material appeared to be a cell wall component.
Since the cases were exclusively patients with "throat" nephritis, the most plausible explanation for these discrepancies is that nephritogenic strains differ in their capacity to secrete the nephritogenic protein or sequester it in the cell wall of the organism.
The exact relationship of the antigens within the circulating complexes to the disease process is at present unanswered and further purification of the antigens detected by the antiimmune complex sera will be needed to determine their exact role in each of the post-streptococcal sequelae. However, the finding that the ECP of those strains associated with nephritis contain a protein that has been detected in the biopsies of patients with APSGN (13) coupled with the observation that antisera raised to the immune complexes of nephritis patients react specifically with the ECP of these same strains lends strong support for a causal role of this streptococcal antigen in post-streptococcal nephritis. One might next investigate the possibility that this antigen has unique biological properties that either alone or in combination with circulating serum components of the host favor its deposition in the human glomerulus. The possibility that a streptococcal antigen(s) within the ARF complex also plays an important role in the pathogenic process of this disease merits further investigation.
